The surface glycoprotein S (spike) of coronaviruses is believed to be an important determinant of virulence and displays extensive genetic polymorphism in cell culture isolates. This led us to consider whether the observed heterogeneity is reflected by a quasispecies distribution of mutated RNA molecules within the infected organ. Coronavirus infection of rodents is a useful model system for investigating the pathogenesis of virus-induced central nervous system (CNS) disease. Here, we investigated whether genetic changes in the S gene occurred during virus persistence in vivo. We analysed the variability of S gene sequences directly from the brain tissue of Lewis rats infected with the coronavirus mouse hepatitis virus (MHV) variant
Introduction
A number of coronaviruses display a large variation in phenotype, which may have implications for their evolution, spread and pathogenicity under field conditions. Replication of coronavirus RNA can involve high rates of mutation and 
JHM-Pi using RT-PCR amplification methods. The S gene sequence displayed a remarkable genetic stability in vivo.
No evidence for a quasispecies distribution was found by sequence analysis of amplified S gene fragments derived from the CNS of Lewis rats. Furthermore, the S gene also remained conserved under the selection pressure of a neutralizing antibody. Only a few mutations predicted to result in amino acid changes were detected in single clones. The changes were not represented in the consensus sequence. These results indicate that to retain functional proteins under the constraints of a persistent infection in vivo, conservation of sequence can be more important than heterogeneity.
recombination (Banner et al., 1990 ; Fu & Baric, 1992 ; Wang et al., 1994 ; Jia et al., 1995 ; Kottier et al., 1995) . Virus variants are produced as a consequence of the infidelity of the RNA polymerase during each replication cycle. Thus the population of an RNA virus in the infected organism can consist of a heterogeneous but defined distribution of variants termed ' quasispecies '. Increasing interest has focused on the concept that such a quasispecies distribution of RNA virus populations plays an essential role in diversification and selection. This view is supported by experimental and clinical data obtained in a number of virus-host systems (Holland, 1992 ; Vartanian et al., 1992 ; Domingo et al., 1993) . Coronaviridae are enveloped viruses with a 28-31 kb singlestranded RNA genome which cause various diseases of economic importance both in animals and humans (Wege et al., 1982 ; Kyuwa & Stohlman, 1990 ; Siddell, 1995) . The virion particle is composed of up to five major structural proteins.
These are the nucleocapsid protein (N), the membrane protein (M), the small membrane protein (sM), the haemagglutinin esterase protein (HE) and the large surface glycoprotein (S or spike). Many laboratories have used infection of rodents with murine coronavirus as an experimental model system for studying inflammatory demyelination and persistence in the central nervous system (CNS) (Kyuwa & Stohlman, 1990 ; Wege, 1995) . Our interest in the pathogenicity of the neurotropic mouse hepatitis virus (MHV) JHM has centred on its ability to cause a subacute demyelinating encephalomyelitis (SDE) characterized by inflammation and selective loss of myelin in Lewis rats (Watanabe et al., 1983 ; Wege et al., 1984 b ; Zimprich et al., 1991 ; Barac-Latas et al., 1997) .
Several studies have suggested that the S and HE proteins are important determinants for the neuropathogenicity of the virus and for its ability to infect a variety of cell types (Taguchi et al., 1985 ; Morris et al., 1989 ; Parker et al., 1989 ; Wang et al., 1992 ; LaMonica et al., 1991 ; Fazakerley et al., 1992 ; Yokomori et al., 1993) . The S protein in particular elicits neutralizing antibodies, binds to cell receptors and causes cell fusion. In tissue culture, specific neutralizing antibodies have been employed to select escape variants with dramatically changed virulence. These escape variants carry mutations and deletions in specified regions of the S gene (Dalziel et al., 1986 ; Fleming et al., 1986 ; Wege et al., 1988 ; Gallagher et al., 1990 ; Grosse & Siddell, 1994) . Coronavirus persistence and disease progression may therefore rely partly on evasion of humoral and cellular immune responses by antigenic variation. These observations led us to consider the S gene as an indicator molecule for selection processes in vivo. Although the S gene sequence data of tissue culture isolates have revealed a high degree of genetic variability (Parker et al., 1989 ; LaMonica et al., 1991) , little is known about the heterogeneity of S gene populations in vivo, especially in association with disease. Therefore, we started to investigate the S gene of virus populations during persistent infection in Lewis rats experimentally infected with MHV. For this purpose, we infected Lewis rats intracerebrally (i.c.) with a strain of MHV which causes demyelinating disease after several weeks post-infection (p.i.) and analysed the virus S genes from the brains of infected animals. Furthermore, we analysed S gene variability by mimicking an immunological selection pressure with a neutralizing antibody. The results of our studies revealed that during persistent CNS infection the S gene of coronaviruses appears to be strongly conserved and displays no quasispecies distribution.
Methods
Viruses and cells. DBT cells were grown at 37 mC in monolayers in minimum essential medium (MEM) containing 5 % heat-inactivated foetal calf serum (FCS), glutamine and antibiotics (Taguchi et al., 1985) . The virus variant MHV-JHM-Pi used in this study was propagated in DBT cells at low m.o.i. values. It is derived from a persistently infected Sac(-) cell line (Baybutt et al., 1984) . To define the consensus sequence of the S gene of MHV-JHM-Pi, the virus was purified on DBT cells by three consecutive plaque passages. The S gene was sequenced from three independently derived virus plaques. The same virus passages were used for infection of the animals. Hybridoma cells secreting MAb 11F (Routledge et al., 1991) were grown at 37 mC in RPMI 1640 medium (Gibco BRL) containing 10 % FCS and antibiotics.
Animal experiments. Specified pathogen-free Lewis rats (MHC-RT1) were purchased from the Zentralinstitut fu$ r Versuchstierzucht Hannover, Germany. Lewis rats, 4-5 days old, were infected i.c. with 10& p.f.u. MHV-JHM-Pi diluted in 30 µl MEM by inoculation in the left brain hemisphere. Animals were observed for clinical signs of encephalomyelitis. At the indicated time-points, the diseased rats were killed and brains were removed. The left half of the brain was snap-frozen in liquid nitrogen and stored at k80 mC. The right half of the brain was further processed for neuropathological investigations Barac-Latas et al., 1997) . In experiments on immune selection, the rats were treated with 0n4 mg purified MAb 11F (Stu$ hler et al., 1991) . The antibody was applied intraperitoneally 3 days following i.c. infection ; rats were killed and dissected for analysis 7 and 10 days p.i.
Serological assays and virus titration.
ELISA, neutralization and fusion inhibition assays were performed as described previously (Wege et al., 1984 a, b ; Ko$ rner et al., 1991) . The amount of infectious virus in brain homogenates of diseased rats was determined by plaque assays using DBT cells (Taguchi et al., 1985 ; Wege et al., 1988) .
Virus nucleic acid extraction and cDNA synthesis. Total RNA was extracted from lysates of infected DBT cells or brain tissue using the acid guanidinium thiocyanate-phenol-chloroform method (Chomczynski & Sacchi, 1987) . The ethanol-precipitated RNA was finally dissolved in distilled RNase-free water and stored at k80 mC until use. For cDNA synthesis (modified method of Gubler & Hoffmann, 1983) , 2-40 µg total RNA was heat-denatured at 70 mC for 10 min and then incubated at 37 mC for 75 min in 25 µl of the following components : 5i reaction buffer, 2n5 mM of each dNTP, 0n1 M dithiothreitol, 40 units RNasin, 200 units Moloney murine leukaemia virus RNase H − reverse transcriptase (Gibco BRL) and 1000 ng oligo(dT) "# -") as a first primer. After incubation with RNase H (3 units) at 37 mC for 20 min, the cDNA was ethanol-precipitated and amplified by PCR in a similar way to Saiki et al. (1988) .
Oligonucleotide primers. Biotinylated and non-biotinylated oligonucleotides were delineated from the S gene sequence according to Schmidt et al. (1987) and synthesized by Pharmacia. The oligonucleotide positions and sequences are listed in Table 1 . In addition, internal PCR amplification primers and a further 36 sequencing primers were synthesized.
PCR.
The cDNA produced was amplified with sets of coronavirusspecific oligonucleotide primers 18-21 bp in length (Table 1) . Optimal concentrations for the components were determined (1n5 mM MgCl # , 0n3 mM of each dNTP, 25 pmol of each primer and 2n5 units Taq polymerase from Thermus aquaticus ; final reaction volume 50 µl). PCR was performed using a DNA thermal cycler (Perkin Elmer Cetus). Cycle conditions were 94 mC for 1 min, 50 mC for 1 min and 72 mC for 2 min. After 30 cycles, a final extension step was performed for 10 min at 72 mC. The PCR amplicons varied in size from 400-700 overlapping bp, representing the entire S gene. Five µl of the amplified products was analysed by electrophoresis in a 1 % agarose gel. The authenticity of the products was confirmed by Southern blotting and hybridization with internal coronavirus-specific oligonucleotide probes.
Three pairs of oligonucleotides (As2\As4, As1\As5 and As3\A19 ; Table 1 and Fig. 2 ) were designed to enable direct solid-phase sequencing of a biotinylated PCR product (Hultman et al., 1989) . The sense and HEI S gene variation in the CNS of Lewis rats S gene variation in the CNS of Lewis rats 
TTCTGTCTTTCCAGGAGAGG j3740 to j3767 k strand * Oligonucleotides As1, As2, As3, As4, As5 and A19 were used in both a biotinylated and non-biotinylated form. † Oligonucleotide positions refer to the MHV-JHM wild-type S gene and flanking sequences (Schmidt et al., 1987) .
alternatively the antisense primers were biotinylated at the 5h-end and used at a concentration of 5 pmol. PCR amplification of the cDNA was facilitated by 35 cycles of 94 mC (1 min), 52 mC (1 min) and 72 mC (3 min), with a final cycle for 10 min at 72 mC. The amplified product was identified by agarose gel electrophoresis.
PCR cloning. The PCR amplicon was purified using an elution kit (Qiaex ; Qiagen) and cloned into PCR II TA-cloning vector (Invitrogen) according to the manufacturer's protocol. The plasmid DNAs were extracted from X-Gal-selected colonies by small-scale alkaline lysis (Birnboim & Doly, 1979 ). The expected fragment was verified by restriction enzyme digestion, and plasmid DNAs for sequencing were prepared from overnight cultures of the transformed Escherichia coli (INVαh) using a miniprep kit (Promega).
Sequence analysis of S gene regions. Both cDNA strands of the plasmids were sequenced by the dideoxy chain-termination method (Sanger et al., 1977) . Sequence reactions were performed with either double-stranded plasmid DNAs or PCR amplicons using T7 polymerase (Pharmacia) and [$&S]dATPαS. The S gene of MHV-JHM-Pi was cloned into nine overlapping fragments after amplification by PCR. The S genes from three independent plaque clones were analysed. To minimize the possibility of sequence errors by PCR and to verify mutations, at least five different plasmids containing fragments of each MHV-JHM-Pi plaque clone were sequenced. These fragments originated from independent amplifications. Nucleotide separation was performed on a 6 % acrylamide gel containing 8 M urea in the presence of 1i TBE (90 mM Tris, 90 mM boric acid and 2 mM EDTA) at 60 mA. Nucleotide sequences were visualized by autoradiography after overnight exposure.
Direct solid-phase sequencing. The PCR amplicons derived from brain tissue were both directly sequenced and cloned into E. coli prior to sequencing. Direct solid-phase sequencing was performed with unpurified DNA. The PCR amplicon was selectively biotinylated at one of the 5h-ends (Hultman et al., 1989) . Briefly, 15 µl aliquots containing biotinylated DNA fragments approximately 1300 bp in length were mixed with streptavidin-linked magnetic beads (Dynal AS). The immobilized double-stranded DNA was converted into single-stranded DNA by alkali denaturation with 0n1 M NaOH for 10 min at room temperature. Employing a magnetic bead concentrator, the biotinylated DNA strand and the complementary DNA were separated. Both DNA strands were sequenced with a T7 sequencing kit (Pharmacia) including [$&S]dATPαS. Samples were separated on a 6 % acrylamide gel as described above.
Results

Neurovirulence of MHV-JHM-Pi
To examine the genetic heterogeneity of the MHV-JHM S gene during chronic demyelinating infection, we established a persistent infection in Lewis rats. Infection with a highly virulent MHV-JHM wild-type strain usually causes encephalomyelitis, independent of the age of the rat at time of infection (Watanabe et al., 1983 ; Zimprich et al., 1991 ; Wege, 1995 ; Barac-Latas et al., 1997) . The variant MHV-JHM-Pi (Baybutt et al., 1984) replicates in the brain of adult Lewis rats without causing disease (Table 2) . Only a small amount of virus-specific antibodies was induced (data not shown). If 4-5-day-old rats were infected, a late demyelinating disease was observed (Table 2) . Twenty-five per cent (10\40) of the animals developed SDE within 20-50 days p.i. The brain tissue of such animals contained high amounts of virus antigen and displayed heavy inflammation, including loss of myelin in the white matter of the spinal cord (Barac-Latas et al., 1997) . By RT-PCR we could successfully amplify the S gene from total RNA isolated from such MHV-infected rat brains. Surprisingly, we could never recover infectious virus by plaque assay of brain homogenates of these rats, although it was possible to reisolate virus within 6-8 days p.i. Furthermore, attempts to recover infectious virus by intracerebral passages of such brain homogenates in otherwise highly susceptible suckling rats or HEJ A. Stu$ hler and others A. Stu$ hler and others mice failed. These results demonstrate that the variant MHV-JHM-Pi persists in the brain of rats which developed SDE for at least 50 days p.i. The virus-specific antibody titre was similar in all persistently infected Lewis rats. By Western blot analysis, a response to the S and N proteins was always detected.
Sequencing of the S gene of the variant MHV-JHM-Pi
To detect changes and to examine variability in the S genes isolated from infected animals, we first determined the consensus sequence. The sequences of S genes from three individual plaques of the MHV-JHM-Pi input virus were compared with the sequence of the MHV-JHM wild-type gene (Schmidt et al., 1987) . The S gene of MHV-JHM-Pi consists of 3705 nucleotides encoding a protein of 1235 amino acids (Fig.  1) . The nucleotide sequences of the S gene of MHV-JHM-Pi and the MHV-JHM wild-type gene have a deletion of 453 nucleotides relative to MHV-4 starting at position 1359 and extending through to nucleotide 1781 (Parker et al., 1989) . The S gene of MHV-JHM-Pi contains 14 nucleotide substitutions HFA S gene variation in the CNS of Lewis rats S gene variation in the CNS of Lewis rats (point mutations) which all result in amino acid changes (Fig.  1) . To confirm the alterations, both the coding and the noncoding strands were sequenced. Frameshifts, deletions and insertions were not observed. The identity between the S proteins was 98n7 %. There was no evidence of a clustering of amino acid differences. Furthermore, the mutations in the S gene of MHV-JHM-Pi were distributed throughout the S protein and not limited to domains. At the amino-terminal end of the S1 subunit we found five amino acid changes. In front of the proteolytic cleavage site we identified three mutated amino acids. As a consequence of two amino acid changes, a cysteine (Thr Cys) was introduced and a glycosylation site (Asn Asp) was lost at the carboxy-terminal end of the S1 subunit. At the carboxy-terminal region of the S2 subunit, four point mutations (AS position 747, 975, 1084 and 1205) were detected.
S gene sequence in persistently infected Lewis rats
The consensus sequence of the S gene of the virus variant MHV-JHM-Pi now enabled us to analyse the S genes of diseased animals. Rats were infected with MHV-JHM-Pi and the RNA of animals suffering from SDE was extracted for analysis of the S gene without any cell culture passage. The S gene was amplified by PCR in three overlapping fragments covering the entire gene (Fig. 2 a) . PCR was performed with biotinylated primers to allow magnetic separation of singlestranded DNA for direct sequencing without cloning. In total, brain tissue (300-400 mg) from six rats was examined for this analysis. The amplified fragments derived from brain tissue did not display any size variation of the S gene compared to the tissue culture material. By direct sequencing of different PCR amplicons we were able to disclose errors introduced by the Taq polymerase. The consensus sequence obtained for the S gene derived from diseased animals did not vary from the tissue culture-passaged input virus.
Sequence variability at the level of individual clones
According to the quasispecies concept, a virus population may consist of closely related but not identical clones. Individual mutations might not be represented as nucleotide changes in the consensus sequence. By sequencing cloned PCR products, we tried to investigate a previously undetected diversity of the S gene in these rats. We concentrated on three fragments of the S gene (Fig. 2 b) . These fragments represent regions which are associated with neutralization and fusion. Binding sites of defined antibodies (MAbs 11F and 10G) are located in these fragments. Variants which escape neutralization by MAb 11F contain single amino acid mutations in positions 1109, 1110 and 1116 (Grosse & Siddell, 1994) . Twenty individual molecular clones per fragment were sequenced from each animal. The PCR products originated from brain tissue of diseased animals which were dissected at Table 1 ). (b) Localization of S gene fragments amplified by PCR to analyse variability at the level of molecular clones. Numbers and letters are used as described above. The binding sites for MAb 11F and MAb 10G, which both inhibit cell fusion, are indicated by vertical arrowheads (Routledge et al., 1991) . The amino acid positions (aa) comprising the binding sites are shown.
days 13, 15, 19, 27 and 34. Following RT-PCR, the amplification products were cloned and sequenced. In total, brain tissue from six rats was examined for this analysis. Although a number of mutations were identified at the clonal level, the total number of nucleotide substitutions was very low (51 mutations in 360 clones, see Table 3 ). Out of 120 clones representing the 564 bp fragment, only one clone with a deletion of 28 nucleotides was found. This deletion is located in the S1 subunit, at nucleotides 717-744 (MHV-4 sequence). It corresponds to the location of a possible preferred site for recombination (Banner et al., 1990) . Fifty-five per cent of the detected mutations were T C and A G transitions. There was no detectable increase in the number of mutations from days 13-34. The majority of the nucleotide substitutions were not found repeatedly at the corresponding sites in different clones of the S gene fragment. The changes appeared to be HFB distributed throughout the S gene fragments ; no ' hot spots ' or ' clustering ' in their location were noticed (Fig. 3) . Taken together, 181n2 kb was sequenced, i.e. 30n2 kb per animal and 10 kb per single fragment. A statistical analysis of all the sequence information indicated that we had detected fewer nucleotide substitutions than the theoretical error rate of commonly used Taq polymerases (0n5 mutations per 1000 nucleotides). The frequency of mutation that we detected in the S gene was between 0n03 mutations per 1000 nucleotides sequenced at day 15, to 0n5 mutations per 1000 nucleotides sequenced at day 13.
Influence of a neutralizing antibody on variant selection in vivo
The results obtained in tissue culture experiments indicate that, particularly in the presence of antibodies, a high rate of mutations occur and viable escape variants which are resistant to the otherwise neutralizing capacity of antibodies can be selected (Dalziel et al., 1986 ; Fleming et al., 1986 ; Wege et al., 1988 ; Grosse & Siddell, 1994) . The virus-specific humoral immune response in the persistently infected animals was relatively weak and the selection pressure acting on the virus population may not be strong. Therefore, the following experiments were designed to mimic selection by an antibody. In particular, we wanted to find out whether in vivo mutations allowing escape from neutralization are located in the same region than identified by in vitro experiments (Grosse & Siddell, 1994) . The binding site of MAb 11F is mapped to an amino acid sequence at the amino-terminal end of the S1 subunit of the S protein (Fig. 2 b) . This antibody neutralizes the infectivity of both MHV-JHM wild-type and the variant MHV-JHM-Pi. We observed that application of MAb 11F significantly delayed the onset of disease after infection with a highly virulent MHV-JHM wild-type by 5 days.
We therefore used this MAb for experiments to induce escape mutants of MHV-JHM-Pi in vivo. Lewis rats were infected with MHV-JHM-Pi and 3 days p.i. the animals were given an intraperitoneal application of 0n4 mg MAb 11F. Animals were dissected at two time-points, namely 7 and 10 days p.i. (4 and 7 days after application of MAb 11F), and processed for analysis of the S gene. To check the presence of MAb 11F in the sera of rats, ELISA assays were performed. During infection with MHV-JHM, virus-specific IgM rose after about 7 days p.i. After approximately 12 days, JHM-specific IgG was detectable. IgM antibodies were never found in the sera of the rats treated with MAb 11F, irrespective of the time of dissection. In contrast, we could detect high amounts of IgG specific for MHV-JHM virus, which indicated the presence of MAb 11F (data not shown). From each rat, 20 individual clones were established from the PCR products, amplifying again the S gene regions indicated in Fig. 2 (b) . Fragment 427 includes the amino-terminal end of the S1 subunit and the binding site of MAb 11F. Fragment 564 was used as a control fragment which should not be influenced by MAb 11F. Fragment 519 is located at the carboxy-proximal end of the S2 subunit covering the small region with amino acid substitutions of escape variants selected by MAb 11F in vitro (binding site of MAb 10G). In total we examined eight rats, four rats per time-point. As summarized in Table 4 , a limited number of mutations were identified in the sequenced clones, but again the total number of nucleotide substitutions was very low (66 mutations in 160 clones). All mutations were point mutations ; no deletion was found. Sixty-one per cent of the detected mutations were T C and A G transitions. Most of the nucleotide substitutions were distributed throughout the S gene fragments and did not occur repeatedly on the same site in different clones (Fig. 3) . In total, 256 kb was sequenced (30n2 kb per animal, about 10 kb per fragment). The frequency of mutation calculated for the S gene remained in the range of 0n0-0n5 mutations per 1000 S gene variation in the CNS of Lewis rats S gene variation in the CNS of Lewis rats Fig. 3 . Positions of mutations in the S gene identified in molecular clones derived from infected Lewis rats. This overview summarizes all of the mutations detected in the different clones derived from the amplified S gene fragments. The RNA was isolated from brain tissue of rats with either demyelinating encephalomyelitis (' diseased ') or following treatment with the neutralizing MAb 11F. PCR amplicons were cloned into plasmid PCR II prior to sequencing. The nucleotides are numbered according to Schmidt et al. (1987) and displayed in the orientation of mRNA sequences. Nucleotide substitutions are denoted by the single-letter code. Bold letters indicate base changes detected in more than one individual clone. Dots indicate nucleotides unchanged in comparison to the input virus MHV-JHM-Pi. nucleotides sequenced. Even under the selection pressure of a neutralizing antibody, the S gene appeared to be relatively stable.
Discussion
The main purpose of the present study was directed towards understanding the heterogeneity of coronaviruses in vivo. Results from previous studies have indicated that the S gene of coronaviruses plays an important role in virulence and pathogenicity (Taguchi et al., 1985 ; Dalziel et al., 1986 ; Fleming et al., 1986 ; Wege et al., 1988 ; Morris et al., 1989 ; Parker et al., 1989 ; LaMonica et al., 1991 ; Wang et al., 1992) . Therefore, we investigated whether coronavirus replication in brain tissue of persistently infected Lewis rats results in an accumulation or selection of S gene variants. In view of the sequence data on the variability of the S gene, the analysed regions should be an optimal choice for revealing a quasispecies distribution within the ' virus swarm ' or an enhanced mutant frequency.
As a prerequirement for this study, we first sequenced the S gene of the input virus MHV-JHM-Pi. Compared to the highly virulent MHV-JHM wild-type, 14 mutations were identified, which resulted in amino acid changes. The changes were partly located in domains important for cell fusion activity (Grosse & Siddell, 1994 ; Routledge et al., 1991 ; Stu$ hler et al., 1991) . Other changes occurred in front of the proteolytic cleavage site ; a cysteine was introduced and one glycosylation site was lost near to the carboxy-terminal end of the S1 subunit. Such alterations may affect protein folding and change the conformation of antigenic binding sites. The impact of these changes remains speculative in view of possible consequences of other mutations within the large genome.
The variability in the MHV-JHM S gene sequences during chronic infection in vivo was very low (Table 3) . By comparing the S gene consensus sequence to the sequence of the input virus we detected no evidence for an increase of S gene variants during persistence. The frequency of mutation detected was in the range of 0n03-0n5 mutations per 1000 nucleotides.
In a recent report, the question of quasispecies distribution was approached by analysing virus gene fragments cloned directly from brain tissue of mice infected with MHV (Adami et al., 1995) . To demonstrate the diversity of virus RNA, a small number of individual clones was sequenced. Although the majority of mutations detected in that study encoded altered amino acid sequences, there was no change in the consensus sequence of the analysed gene fragments. Only few mutations were found repeatedly in more than one individual clone. The consistent occurrence of a specific mutation in more than one clone and possibly in specimens from different animals would suggest that this change means a selective advantage for the virus population. Silent or coding mutations present only in single clones may be incidental. This interpretation is supported by the observation that the nucleotide substitutions are distributed randomly throughout the analysed genes. We used the RT-PCR approach to generate a large number of sequences to obtain evidence for a possible (Vartanian et al., 1992) . Interpretations of results based on relatively small numbers of clones and\or only short sequences may be misleading. Passively transferred antibodies can promote the selection of variant viruses. For measles virus, it has been shown that variants emerged in brain isolates that resisted neutralization with the antibody infused for selection (Liebert et al., 1994) . Thus, the host immune system can promote selection of escape mutants. In tissue culture experiments with coronaviruses, it has been successfully demonstrated that neutralizing antibodies can drive selection of escape variants (Dalziel et al., 1986 ; Fleming et al., 1986 ; Wege et al., 1988 ; Gallagher et al., 1990 ; Grosse & Siddell, 1994) . Therefore, we investigated whether in vivo mutations allowing escape from neutralization are located in the same region identified by in vitro studies (Grosse & Siddell, 1994) . However, as shown in our study employing MAb 11F for selection in vivo, the variability of the MHV-JHM S gene sequence remained very limited (Table 4 ). The few mutations detected did not correspond with the sites changed in the described escape variants. The frequency of mutation was in the range of 0n0-0n5 mutations per 1000 nucleotides sequenced. Therefore, we assume that neutralizing antibodies might not be a driving factor for coronavirus variability during chronic disease.
HFD
Our finding that S gene sequences are rather conserved in infected rats is consistent with what has been seen in other persistent RNA virus infections. In the case of measles virus, the functional domains of the L gene are well conserved in all strains (Komase et al., 1995) . The degree of L protein variability is the lowest of all structural proteins of measles virus. A very limited variability was also observed for the envelope glycoprotein E2 gene of bovine diarrhoea virus (BVDV) in persistently infected cattle. The E2 gene was analysed over a 1 year period of chronic infection (Hertig et al., 1995) . The authors suggested that the genetically quite heterogeneous BVDV remains in an ' evolutionarily silent state ' during persistence but may evolve rapidly during acute infection. BVDV derived from a persistently infected animal rapidly accumulated mutations during passages in cell culture.
Coronavirus persistence probably depends on a continuous production of virus proteins and may be maintained by a smoldering cell to cell infection (Hofmann et al., 1990 ; Fazakerley et al., 1992) . The rate of RNA replication could be drastically reduced in contrast to tissue culture conditions or to the situation of an acute infection. Furthermore, we obtained evidence that the expression of the S protein in the CNS of rats with demyelinating disease is down-regulated in comparison to the N protein . Moreover, the S protein-specific immune response can even promote the establishment of a persistent infection (Flory et al., 1995) . Therefore, during chronic infection the number of replication cycles may be relatively small and restricted to a few cells. All these constraints may result in the surprisingly low in vivo mutation frequency of the S protein of MHV-JHM-Pi.
Although the majority of nucleotide substitutions caused an amino acid change, there was no consistently accumulating mutation and no change in the consensus sequence. Thus, most nucleotide substitutions did not affect the predicted amino acid S gene variation in the CNS of Lewis rats S gene variation in the CNS of Lewis rats sequence. More than one-third (33 %) of the nucleotide substitutions in the S gene sequences were silent. This slightly enhanced percentage of silent mutations may indicate the functional requirement to conserve the amino acid sequence. Random mutation events without selection pressure should result in not more than 25 % nucleotide substitutions (Jukes & King, 1979) . According to these authors, a deviation in either direction reflects a selection pressure. One example is the β-globin gene, in which the rate of silent mutations among species is much higher (58 %) than 25 % (Li et al., 1985) .
An analysis of measles virus mutants associated with a long-term persistent CNS infection revealed that most of the mutations are probably caused by the cellular enzyme adenosine desaminase, which modifies adenosine residues to inosine residues. These modifications result in a predominance of A G and U C mutations (' biased hypermutations ', Cattaneo & Billeter, 1992 ; Baczko et al., 1993 ; Komase et al., 1995) . In our studies, such transitions ranged between 55 and 61 %, which is quite similar to measles virus (Wong et al., 1991) . However, the hypermutations in measles virus RNA are concentrated in defined regions and not spread randomly throughout the genome as described here for the S gene (Fig.  3) . Whether a similar enzymic mechanism operates during coronavirus replication in vivo is not known.
We do not exclude the possibility that the S gene can display a high rate and frequency of mutation during natural spread by acute infections. Furthermore, variability could involve the HE gene, which may contribute to neurovirulence (Yokomori et al., 1993) . Finally, mutations concerning functional domains of other genes, including untranslated regions, may influence virus-host interactions. Under field conditions, a quasispecies distribution could promote evolution of coronaviruses by the involvement of recombination mechanisms, deletions and selection by host factors (Gallagher et al., 1990 ; Fu & Baric, 1992 ; Wang et al., 1994 ; Jia et al., 1995 ; Kottier et al., 1995) . The molecular relationship between variability and pathogenicity of coronaviruses remains a challenging and complex topic for further studies.
